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Abstract 
The increasing power demands of spacecraft payloads, and the future prospect of space based solar photovoltaic 
(PV) power stations, mean that there is an emerging requirement for large area solar arrays that will provide far 
greater power (kWpeak) than is currently available. To be practical, such arrays will need to use solar cells which have 
a much higher specific power (i.e. power per unit mass) and a much lower cost per watt than current space-rated 
solar PV technologies. To this end, the Centre for Solar Energy Research (CSER) at Swansea University, the Surrey 
Space Centre (SSC) and the Department for Mechanical Sciences at the University of Surrey, have been working on 
a new solar cell technology, based on thin film cadmium telluride (CdTe), deposited directly onto ultra-thin space 
qualified cover glass. This offers a potentially high specific power, low-cost technology with the added benefit of 
allowing a high degree of solar array flexibility for improved stowage volume and novel deployment strategies. Cells 
based on this innovative solar cell architecture have been manufactured and tested under a three year UK 
Engineering and Physical Science Research Council (EPSRC) funded project, with the result that highly efficient 
(for their class) cells were produced, which passed mechanical, thermal and ionising radiation tests with great 
success. Whilst this work was in progress, an opportunity to fly test cells on the joint Algerian Space Agency – UK 
Space Agency AlSat-1N Technology Demonstration CubeSat arose, and a successful bid was made to fly a payload 
capable of characterising the cells in orbit, via an automatic Current-Voltage (I-V) measurement circuit. The 
resulting Thin Film Solar Cell (TFSC) payload, comprising four test cells, was integrated onto AlSat-1N at Surrey, 
and launched from India into a 661 km × 700 km, 98.20° Sun Synchronous orbit on 26th September 2016. This 
paper describes the new cell technology, the pre-flight ground testing, the flight payload, and the first flight results of 
thin film CdTe solar cells flying on an international 3U CubeSat technology demonstrator. 
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Acronyms/Abbreviations 
ADC Analogue-to-Digital Converter 
ADCS Attitude Determination and Control 
AFRL Air Force Research Laboratory (USA) 
AM0 Air Mass Zero (Space Vacuum) 
AM1.5 Air Mass 1.5 (Terrestrial Atmosphere) 
ASAL Agence Spatiale Algerienne 
AZO Aluminium doped Zinc Oxide 
CAN Controller-Area-Network 
CIS  Copper Indium Selenide 
CIGS  Copper Indium Gallium Selenide 
CSER Centre for Solar Energy Research 
EM Engineering Model 
EPSRC  Engineering and Physical Science 
Research Council (UK) 
FM Flight Model 
HRT  High Resistive Transparent 
Isc  Short-Circuit Current (A) 
ISRO Indian Space Research Organisation 
I-V  Current(A) - Voltage (V) 
Jsc  Short-Circuit Current Density (A/cm
2
) 
J-V  Current Density (A/cm
2
) - Voltage (V) 
JAXA Japanese Aerospace Exploration 
  Agency 
LEO  Low-Earth Orbit 
MOCVD Metal Organic Chemical Vapour  
Deposition 
OBC On-Board Computer 
PCB  Printed circuit Board 
PSLV Polar Satellite Launch Vehicle 
PV  Photo-Voltaic 
QST  Qioptiq Space Technology  
SBSP Space Based Solar Power 
SEP  Solar Electric Propulsion 
SSC  Surrey Space Centre 
SSTL Surrey Satellite Technology Ltd. 
TCO  Transparent Conducting Oxide 
TFSC Thin-Film Solar Cell 
UKSA United Kingdom Space Agency 
Voc  Open Circuit Voltage (V) 
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1. Introduction 
The increasing power demands of spacecraft 
payloads, the greater use of solar electric propulsion, 
(SEP) [1] and the future prospect of fixed lunar/Martian 
bases and space based solar power stations (SBSP) [2], 
mean that there is an emerging requirement for large 
area solar photovoltaic (PV) arrays that will provide far 
greater power (kWpeak) than is available currently.  
To be practical, such arrays will need to use solar 
cells which have a much higher specific power (w/kg) 
and a much lower cost per watt than current space-rated 
solar PV technologies. Such cells must also be able to 
withstand the rigours of the space environment, 
including the extremes of temperature and high levels of 
ionizing radiation typically encountered.  
To this end, the Centre for Solar Energy Research 
(CSER) at Swansea University, the Surrey Space Centre 
(SSC) and the Department for Mechanical Sciences at 
the University of Surrey, have been working on a new 
solar cell technology, based on thin film cadmium 
telluride (CdTe), deposited directly onto ultra-thin space 
qualified cover glass. This offers a potentially high 
specific power, low-cost technology, with the added 
benefit of allowing a high degree of solar array 
flexibility for improved stowage volume and novel 
deployment strategies.  
Working with industrial partners Qioptiq Space 
Technology (QST) and Surrey Satellite Technology Ltd. 
(SSTL), cells based on this innovative architecture were 
manufactured and tested under a three year UK 
Engineering and Physical Science Research Council 
(EPSRC) funded project, with the result that highly 
efficient (for their class) cells were produced, which 
passed mechanical, thermal and ionising radiation tests 
with great success [3-7].  
Whilst this work was in progress, an opportunity to 
fly test cells on the joint Algerian Space Agency 
(ASAL) – UK Space Agency (UKSA) AlSat-1N 
technology demonstration CubeSat arose, and a 
successful bid was made to fly a payload capable of 
characterising the cells in orbit, via an automatic 
current-voltage (I-V) measurement circuit. The resulting 
Thin Film Solar Cell (TFSC) payload, comprising four 
test cells, was integrated onto AlSat-1N at Surrey, and 
launched from India into a 661 km × 700 km, 98.20° 
inclination Sun Synchronous orbit on 26
th
 September 
2016. The first results from the TFSC payload were 
obtained in October 2016, and the payload has been in 
full operation since January 2017. The initial flight data 
show that the payload is operating well in orbit and 
good I-V curves have been obtained. 
 
2. Thin Film Solar Cell Development 
 
2.1 Device Structure 
The key innovation of this work has been to use an 
atmospheric-pressure metal organic chemical vapour 
deposition (MOCVD) process (Fig.1), developed at 
CSER, to deposit the transparent conducting oxide 
(TCO) and thin film cadmium telluride (CdTe) layers 
directly onto the ultra-thin glass normally used to cover 
space PV cells – thereby saving mass by avoiding the 
need for a conventional substrate [5].  
 
Fig. 1: CSER MOCVD Production Reactors 
Thus, the CdTe PV structure follows the superstrate 
configuration, where an aluminium doped zinc oxide 
(AZO) front contact and zinc oxide high resistive 
transparent (HRT) layer is followed by a cadmium zinc 
sulphide (Cd0.3Zn0.7S) n-type layer and a cadmium 
telluride (CdTe) p-type layer, deposited sequentially 
onto the 100m QST cerium-doped cover glass (Fig. 2). 
This cover glass is the standard protective layer 
normally laminated to the front side of space-qualified 
solar cells. The cerium doping resists the darkening 
effect that would otherwise occur when high intensity 
ionising radiation acts on plain un-doped glass [8]. 
 
 
Fig. 2: Thin-Film CdTe Cell Device Structure 
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The experimental details and structure are well 
described in Lamb et al. [3]. 
Besides giving excellent specific power, there are 
additional benefits to this technique: 
 The cover glass is very flexible allowing it to 
be ―rolled up‖ before and after the solar cell is 
applied. 
 This flexibility enables a cost-reducing roll-to-
roll commercial manufacturing process.  
 Flexible space solar cell technology allows new 
pathways for stowage and subsequent 
deployment, enabling satellites to carry very 
large arrays for high power space applications.  
The flexibility of the cells is illustrated in Fig. 3.  
 
Fig. 3: Demonstration of the Flexibility of the Thin-Film 
CdTe Cell Structure  
For flight, if the cells are not laid down on a surface 
to form a conventional solar panel, the cells would need 
an additional protective cover glass for the exposed 
gold-contacts and CdTe semiconductor material on the 
opposite side to the cover glass superstrate. Thus, the 
device would be encapsulated in a thin, flexible ―glass 
sandwich‖.  
Although 100m QST glass was chosen for the 
development cells, thinner glass is potentially available. 
We could, for example, envisage using two 50m glass 
layers to form the complete encapsulated cell, giving the 
same degree of flexibility as the prototype in a fully 
―rollable‖ solar array.  
 
2.2 Mechanical and Thermal Ground Testing  
One of the key concerns for thin-film CdTe solar 
cell technology is its mechanical robustness. The 
adhesion between the glass, encapsulant, active layers, 
and back layers can be compromised for many reasons, 
e.g. moisture ingress or lack of adequate cleaning of the 
glass, and a particular concern is that the TCO layer 
may delaminate from an adjacent glass layer [9]. This 
potential failure mode has tended to suppress interest in 
the development of thin-film CdTe solar cells for space 
application. Thus, in this work, careful attention was 
paid to the mechanical robustness of the technology. 
In ground testing, various mechanical tests were 
carried out, including bond adhesion pull-testing and 
minimum roll-radius testing.  
It was found that the cells could withstand between 
15 and 39 MPa pull forces and, with the 100m QST 
glass, a bend radius of 10cm could be sustained without 
damage.  
The AZO on cover glass structure was found to be 
robust, and did not delaminate under the standard 
―Scotch Tape Test‖ before or after extreme thermal 
shock testing of ten cycles of +80°C to −196°C (liquid 
nitrogen plunge).  
Thermal cycling was conducted in a Vötsch VCL 
7010 chamber. The encapsulated device structure was 
measured under AM1.5 illumination before and after 
being cycled in air over three repeats of the sequence: 
20°C up to +85°C, down to -40°C and back to 20°C. 
Next the same device was again cycled in air over three 
repeats of 20°C up to +140°C down to -70°C then back 
to 20°C. The ramp rate for both thermal cycles was set 
at 3 °C/minute. The device test structure passed both 
these severe tests. 
Similar cycling tests were applied to test cells in 
preparation for flight on the AlSat-1N mission. These 
were found to survive -40 
o
C to +85
o
C without any 
significant change in performance. Under the more 
severe -70 
o
C to +140 
o
C test, a small drop in open 
circuit voltage was noted for all the cells, and one of 
four cells tested failed short circuit. All cells showed a 
decrease in series resistance with temperature cycling 
(~15 cm2 to ~10 cm2). It should be noted, however, 
that these were early production experimental cells. 
 
2.2 Cell Development and Efficiency Improvement 
Intensive studies were made of the cell’s 
microstructure and the resulting analyses were used to 
―fine-tune‖ the cells’ characteristics to maximise the 
cell efficiency.  
 
Fig. 4: Test Cell J-V Curves Showing Efficiency Gains 
During Cell Structure Development 
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Fig. 4 shows the progress made during these 
investigations in terms of the cells’ current density-
voltage (J-V) response. The cells’ efficiency was more 
than doubled from an initial value of 7.2%, up to a final 
value of 15.3% under air-mass 1.5 (AM1.5) solar 
illumination conditions (i.e. typical terrestrial solar 
illumination).  
Solar illumination in the vacuum of space differs 
from that on Earth, and so tests were also made under 
air mass zero (AM0) illumination (i.e. representing 
space use). It was found that, under these conditions, the 
best cells produced were 12.4% efficient.  
Fig. 5 shows the test structure used – consisting of 
eight 0.25cm
2
 cells. 
 
 
Fig. 5: CdTe Test Structure: 8 × 0.25cm
2
 Cells (left hand 
image) and the Illuminated Side (right hand image) 
 
Fig. 6 shows the cell’s J-V curve under AM0 
illumination, and Fig. 7 shows the external quantum 
efficiency (EQE) of the cell.  
 
Fig. 6: Best Cell J-V Curve Under AM0 Illumination 
(12.4% Efficiency) 
 
Fig. 7: Best Cell External Quantum Efficiency Curve 
Under AM0 Illumination (12.4% Efficiency) 
The cell properties are summarized in Table 1. The 
first column indicates the best cell efficiency (12.4%) 
whilst the second column is the mean data from 8 cells 
fabricated over a 40 × 40 mm deposition area (see 
Fig.5). The third column shows the standard deviation. 
 
Table 1: J-V Parameters for 8 × 0.25 cm
2
 Cells 
Measured under AM0 Illumination.  
J/V parameter Best Mean SD 
η % (±0.5) 12.4 12.1 0.2 
Jsc mA·cm
-2 28.0 28.0 0.4 
Voc mV 788 774 13 
FF % 76.8 76.4 1.0 
Rs Ω·cm
2 2.3 2.6 0.2 
Rsh Ω·cm
2 2050 1428 400 
 
2.3 Proton Beam Irradiation Testing 
A key aspect of the space environment is the 
presence of high levels of ionising radiation – either 
trapped in a planet’s magnetic field, e.g. such as the that 
forming the Earth’s van Allen radiation belts, or present 
due to intense solar activity, e.g. due to coronal mass 
ejections or solar particle events. It is therefore 
important that any solar cell technology intended for 
space use be robust against the effects of ionising 
radiation.  
  Previous studies have indicated that polycrystalline 
CdTe material could be more radiation resilient than 
other typical solar PV materials. For example, Bätzner 
et al state that ―for space application CdTe solar cells 
exhibit an excellent stability under high energy particle 
irradiation. The onset of cell degradation typically 
occurs at particle fluences, which are two orders of 
magnitude higher than that conventionally used for 
monocrystalline space solar cells of Si or III–V 
compounds‖ [10]. This high level of radiation hardness, 
for CdTe, will potentially allow for a far thinner and 
therefore lighter cover glass than is used for 
conventional III‐V devices – hence the proposed thin 
glass sandwich structure, previously mentioned. 
Previous research into the proton degradation of 
CdTe solar cells has been influenced by the generation 
of colour centres within the glass superstrates typically 
used [10-12]. For example, G. Yang et al deposited 
CdTe onto Corning™ ultra‐thin 100‐micron glass and 
subjected samples to 15‐MeV energy of protons through 
the glass side [12]. Using fluences of between 1 × 10
12
 
cm
−2
 and 1 × 10
15
 cm
−2
, their results were affected by a 
reduction in short‐circuit current through the darkening 
of the non‐radiation hard glass superstrate. This 
effective darkening of the glass reduces transmission of 
photons through to the PV material, which in turn 
reduces the photo‐current of the PV devices. 
Our use of cerium‐doped cover glass for the 
superstrate, means that proton irradiation will not 
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appreciably darken the glass, and hence the superstrate 
will not contribute to any additional loss of short circuit 
current within the device, and therefore any effects 
observed will be due to the material of the cell itself. 
To investigate the radiation response of our cells, 
five test structures, each comprising 9 cells (Fig. 8) 
were prepared, four of which would be exposed to 
proton beam irradiation using the van der Graaf 
accelerator at Surrey Ion Beam Centre.  
 
Fig. 8: Proton Irradiation Test Structure (1 of 5) each 
Comprising 9 Cells. 
To plan the tests, several simulations were carried 
out using the Stopping and Range of Ions in Matter 
(SRIM) 2008.04 software [13]. Each actual cell 
followed the superstrate structure shown in Fig. 2, 
where 800nm of Al‐doped ZnO (AZO) and 100nm of 
undoped ZnO buffer layer were deposited directly onto 
the chemically toughened 100μm cerium‐doped cover 
glass using MOCVD. The AZO/ZnO layers were 
followed by a 25nm CdS seed layer and 125nm CdZnS 
window layer before deposition of 3.25μm of As‐doped 
CdTe absorber layer. The As‐doping of the CdTe layer 
was graded to produce an As concentration of 3 × 10
18
 
cm
−3
 in the first 3.0μm and 1 × 1019 cm−3 in the final 
250nm, reducing the back surface contact resistance. 
Solar cell devices were formed by the addition of 
evaporated gold back contacts, the area of which 
defined the area of each cell. 
For the purposes of the simulation, the cell was 
modelled as a composite consisting of the following 
layers: 
• 3250nm CdTe (ICRU‐346; 5.85 g.cm−3) 
• 150nm CdZnS (1:1:1 ratio; 4.46 g.cm−3) 
• 100nm ZnO (1:1 ratio; 5.61 g.cm−3) 
• 800nm AZO (2:50:50 ratio; 5.61 g.cm−3) 
• 100μm boro‐silicate glass (2.60 g.cm−3) 
The total thickness of the semiconductor layers was 
therefore 4.3μm. 
Various energies of protons at normal incidence on 
the CdTe face were simulated. The SRIM simulations 
showed that, given the material densities, 0.5 MeV 
protons would pass through all the active layers (Fig. 9) 
and also cause the maximum damage in terms of 
ionization energy absorbed (~17 eV/Å) and 
displacement damage (21 displacements per proton, 939 
eV per recoil) (Fig. 10). 
 
 
Fig. 9: SRIM Simulation: 0.5 MeV Proton Irradiation of 
Test Structure Showing Penetration. 
 
Fig. 10: SRIM Simulation: 0.5 MeV Proton Irradiation 
of Test Structure Showing Energy Deposition. 
 
At energies, higher than 0.55 MeV, the SRIM 
simulations showed that the protons pass through the 
structure with relatively little interaction, and that the 
ionized energy deposition is significantly lower. 
Therefore for the experiment, we chose a proton energy 
of 0.5 MeV, where the proton irradiation was directly 
applied to the CdTe face. 
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Four proton fluences were selected to examine the 
CdTe solar cell performance under increasing dose 
levels (1 × 10
12
 cm
−2
, 1 × 10
13
 cm
−2
, 1 × 10
14
 cm
−2
, and 
1 × 10
15
 cm
−2
). The particle spectrum in Earth orbit is 
complex, comprising the trapped electrons and protons 
of the van Allen belts, as well as protons and heavy ion 
cosmic rays—both from Galactic and solar origin. 
Because of this, for predictions of solar cell 
performance in orbit, the environments are reduced to 
―equivalent fluxes‖ of 1‐MeV electrons and 10‐MeV 
protons. No single energy radiation test can draw this 
equivalence directly; however, estimates can be made. 
The non‐ionising energy loss (NIEL) for 0.5‐MeV 
protons in CdTe is ~5000 times that for 1‐MeV 
electrons, and given a typical 1 MeV electron fluence of 
~10
15
 cm
−2
 for a 7‐year geostationary Earth orbit (GEO) 
mission, it can be concluded that the lowest 0.5 MeV 
proton fluence of 10
12
 cm
−2
 would be representative of 
the damage incurred in a GEO mission lifetime of ~20 
years. One sample of 9 cells was exposed to each of the 
four beam fluences, and an un‐irradiated fifth sample of 
9 cells was held under the same storage conditions as a 
control. 
The test cells were found to show little degradation 
up to a fluence of 10
13
 cm
-2
: The cells irradiated to 10
12
 
cm
-2
 retained 94% of their pre-irradiation efficiency and 
the cells irradiated to 10
13
 cm
-2
 retained 85% of their 
pre-irradiation efficiency. The cells irradiated to 10
14
 
cm
-2
 showed a marked drop in efficiency (falling to 
~7% of pre-irradiated value), and only the cells 
irradiated to 10
15
 cm
-2
 lost all performance. No 
darkening of the cover glass was observed. 
However, after an inert atmosphere anneal at 100 °C 
for 168 hours, closely simulating MIL-883-Method 
1019.8 recommendations, 75% of the damage observed 
at a fluence of 10
14
 cm
-2
 was removed. We may expect 
natural annealing to occur under solar illumination 
conditions in space, as these particle fluences would be 
accumulated over many years (decades). 
The degradation mechanism was explained by the 
generation of recombination centres by the radiation 
particles. However, the cells showed a fast recovery 
from this radiation damage, most likely through the 
strong defect compensation effects in the polycrystalline 
CdTe material. This self-compensation of radiation 
damage has also been observed in space application 
CdTe and CdZnTe by Fraboni et. al [14]. CdTe and 
CdZnTe detectors where subject to ionizing doses of 
radiation significantly reducing their spectroscopic 
performance and it was shown that for medium to 
heavily damaged detectors, their performance recovered 
with annealing in air at room temperature to 80 °C.  
A detailed analysis of the results is given in [7]. Our 
findings are consistent with Bätzner et al [10] and 
support the contention that CdTe PV technology is 
indeed highly resilient to radiation damage.  
We found that the radiation hardness (to protons) of 
these CdTe cells is far superior to conventional 
multi‐junction III‐V cells used for space. This therefore 
shows an additional and important advantage of CdTe 
thin-film PV technologies for application in harsh space 
radiation environments. 
 
3. AlSat-1N Thin Film Solar Cell Experiment 
 
Historic attempts to demonstrate thin film PV in 
space have primarily focussed on CuInSe (CIS) and 
CuInGaSe2 (CIGS) technologies. The Japan Aerospace 
Exploration Agency (JAXA) have been most active in 
this field in recent years, and in 2009 tested samples of a 
CIGS thin film PV in low Earth orbit (LEO), protected 
by a transparent polymer film rather than a conventional 
cover glass [15]. Short circuit current degradation was 
observed, which was attributed to colouring of the 
transparent polymer.  
In 2006 the Air Force Research Laboratory (AFRL) 
launched TacSat-2, which was set to investigate 
experimental solar arrays comprising thin film 
amorphous silicon on a 1 mm steel substrate. The thin 
film array partially deployed, but provided no bus 
power and therefore could not be evaluated [16].  
The STRV-1B satellite’s solar cell technology 
experiment was set to measure the current voltage 
characteristics of 47 individual solar cells including 
multiple CIS cells from different suppliers, a CIGS cell 
and also a CdTe cell [17]. It was launched into orbit in 
1994, however, the 47 test cells did not communicate 
their current-voltage (I-V) data back to the ground 
station, so no conclusions can be drawn for the CdTe 
cell.   
Thus, given the potential benefits of CdTe thin-film 
technology, gaining space flight experience has become 
a particular priority. We were therefore extremely 
grateful to the Algerian Space Agency (ASAL) and UK 
Space Agency (UKSA) when our proposal for a Thin 
Film Solar Cell (TFSC) experiment was accepted to fly 
on the ―AlSat-1N‖ 3U (10×10×30cm) CubeSat, 
developed jointly by ASAL and UKSA for the rapid, 
cost-effective demonstration of new and innovative 
space technologies. 
The TFSC payload is designed to measure the I-V 
curves and temperature response of 4 experimental thin-
film CdTe solar cells when illuminated by the Sun on 
orbit. It consists of two elements: a single PC104 
(96×90mm) Internal Board, which houses the 
processing electronics, power and controller-area-
network (CAN) data bus interface to the spacecraft’s 
on-board computer (OBC), and an externally mounted 
External Board. 
The Internal Board (Fig. 11) comprises an MSP430 
micro-controller with CAN interface and integrated 12-
bit analogue-to-digital converters (ADCs), which 
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digitize the temperature, current and voltage signals 
from the 4 test solar cells. The cells are each controlled 
by an 8-bit digital programmable precision current sink, 
which is switched to each cell in turn. The current 
demand is swept from zero (open circuit conditions), to 
a maximum beyond the short circuit capability of the 
cells, so that the voltage across the cell moves from Voc 
(open circuit voltage) to zero at Isc (short circuit current) 
– thus generating the I-V curve. The cells are protected 
against reverse bias by a diode strap.  
 
Fig. 11: TFSC Internal Board 
The current, voltage and temperature signals are 
measured via precision instrumentation amplifiers. The 
maximum Voc the circuit can measure is set to 1V, as 
from ground tests we expected Voc to be around 
0.7~0.8V, and the maximum current sink available is set 
to 40 mA, as we did not expect more than ~30mA from 
the 1 cm
2
 area cells under full (AM0) solar illumination 
(Fig. 12). All measurements are made to 12 bit 
precision. System accuracy was established by cross-
checking with precision multi-meters and oscilloscope 
measurements, and was found to be better than 0.1%. 
 
Fig. 12: TFSC Measurement Schematic 
 
Fig. 13: The TFSC External Board (front) and back, 
showing the Precision Temperature Sensor 
 
The External Board (Fig. 13) comprises a solar cell 
test structure (63.3×60×0.3mm) with four 1 cm
2
 area 
test cells, mounted on a PCB substrate (85×70×1mm) 
with an embedded precision temperature sensor (LM35) 
glued directly to the back of the cells through the PCB, 
configured to measure from -56
o
C to +148
o
C. The 
Internal Board is connected to the External Board via a 
wire harness and PCB tracks on the rear of the 
CubeSat’s solar panel. 
Once triggered, the system measures the I-V curve 
of each cell in turn – 256 measurements of current and 
voltage per cell, along with 4 temperature readings. 
Currents are measured over a precision 10 ohm resistor. 
This is not strictly necessary, as the programmed current 
demand is accurately known and controlled by the 
current sink circuit. However, by knowing the 
demanded current and independently measuring it, any 
variation in measurement accuracy due to degradation 
of components can be detected.  
The entire survey of 4 cells completes in just over 1 
second – i.e. 1ms delay between each measurement. 
This was found, experimentally, to be slow enough to 
allow the amplifiers and driving circuits settle between 
each individual measurement. If necessary, this may be 
altered by telecommand. Power consumption is ~1-
1.5W during operation. 
The data are stored locally, and then are transferred 
by request as telemetry over the CAN bus to the OBC. 
Here they may be stored for downloading, and the 
TFSC payload turned off. 
Before flight, the performance of the cells was 
evaluated under AM0 and AM1.5 lighting conditions at 
CSER. Table 2 shows the key parameters of the 4 Cells 
under AM0 illumination post encapsulation as measured 
on 19
th
 November 2015 at CSER. 
 
Table 2: Cells Pre-Flight Characterisation at CSER 
Cell number 0 1 2 3 
Voc (mV) 761 760 756 745 
Isc (mA) 27.6 28.2 27.8 27.4 
Cell Temp (°C) 28 28 28 28 
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However, once delivered to Surrey (SSC), we noted 
an apparent and unexpected increase in Voc for the cells 
– measured to be around 850 mV, when illuminated by 
a 25W quartz-halogen lamp (Fig. 14). 
 
 
Fig. 14: The TFSC Payload Under Functional Test with 
a 25Wdc (battery operated) Quartz-Halogen Lamp in 
the SSC Clean-Room 
  
Voc is not a strong function of illumination level, so 
while we were not using a calibrated AM0 or AM1.5 
lamp, the increase in Voc was still unexpected.   
The electrical measurement accuracy of both the 
engineering model (EM) and flight model (FM) TFSC 
were carefully checked and calibrated during 
production, and so we were confident that we were 
measuring a real effect. To make sure, we later checked 
the measurement accuracy of the EM TFSC payload 
against the experimental set up at CSER, and found 
them to be in complete agreement. Thus, at the moment 
this change remains unexplained. We saw further 
increases in Voc on orbit, however, these changes are 
consistent with our expectations based on light soaking 
and temperature effects. 
 
4. AlSat-1N TFSC Flight Results 
 
AlSat-1N (Fig. 15) was shipped out from SSC to 
India, arriving on 6
th
 September 2016 for launch on a 
Polar Satellite Launch Vehicle (PSLV). The TFSC was 
checked out at the launch site (in 42
o
C heat), and 
showed consistent I-V curves for all four cells, with 
Voc’s between 850 and 870 mV – consistent with the 
measurements at SSC. 
AlSat-1N was launched on 26
th
 September 2016 
(Fig. 16). The first in orbit operations of the TFSC 
payload occurred on the 8th and 9th October 2016 
during spacecraft commissioning. At these times the 
panel was, unfortunately, not directly illuminated by the 
Sun – however we still managed to obtain I-V curves 
from Earth albedo (i.e. reflected sunlight) alone!  
 
Fig. 15: AlSat-1N in the SSC Clean-Room 
 
 
Fig. 16: Launch of AlSat-1N on PSLV-C35 on 26
th
 
September 2016 (Image Credit: ISRO) 
 
Cells 0, 1 and 2 produced I-V curves, albeit with 
very little current (Isc ~2mA) at such low illumination 
levels.  
Voc was recorded as ~900-910mV for each of these 
cells, operating at ~9.2
o
C. Cell 3, the weakest, produced 
no output at all, probably as it was too dark. 
Following spacecraft commissioning, operation of 
the TFSC payload began on 5th January 2017.  
A survey was made with the cells well illuminated 
by the Sun, and all four cells produced excellent I-V 
curves (Fig. 17).  
 
 
Fig. 17: AlSat-1N TFSC Payload In-Orbit I-V 
Results for 5/1/17 
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The behaviour of all four cells was consistent, with 
measured Voc’s between 938mV and 945mV and Isc 
~26mA. The power at the maximum power point (Pmp) 
was ~16mW, giving a fill-factor of 66%. The cell 
temperatures were ~ 4
o
C during the survey. 
Data from 12 surveys have been analysed for the 
first 3 months of operation. The spacecraft attitude is 
such that the Sun may make any angle to the test cells, 
and so to normalise the data for solar angle effects, the 
spacecraft carries an independent sun-sensor aligned to 
be normal to the experimental cells. This may be used to 
establish the solar flux incident on the cells. Fig. 18 
shows the excellent linear relationship between the 
cells’ short circuit current (Isc) and the sun sensor 
reading. It may be noted from Table 2 that prior to 
flight, the AM0 Isc value was around 28mA., and so the 
flight data are consistent with this, showing a peak 
current of ~29mA, with the flight data acquired while 
the Earth was around perihelion. Thus, the sun sensor 
reading of 0.8 would be equivalent to an incident solar 
flux of 140 mWcm
-2
. 
 
 
Fig. 18: Short Circuit Current (Isc) vs. Sun Sensor 
Reading (Proportional to Solar Flux) 
 
The temperature of the cells has varied between 4 
o
C 
and 19 
o
C during the observation period. As expected, 
the open circuit voltage (Voc) of the cells is seen to 
decrease with increasing temperature (Fig. 19). The 
measured rate is -2.55 mV/
o
C. 
 
 
Fig. 19: Open Circuit Voltage (Voc) vs. Temperature 
 
The flight Voc measurements are consistent with the 
measurements made at SSC and in India prior to flight, 
however, they are higher than expected based on the 
measurements at CSER (Table 2).  
Fig. 20 shows the in-orbit measured maximum 
power vs. temperature. The measured Pmax varied 
between ~4mW to ~18mW, with a negative temperature 
coefficient of -0.05 mW/
o
C. 
 
 
Fig. 20: Maximum Power (Pmax) vs. Temperature 
 
Using the calibration 0.8 Sun Sensor Units = 140 
mWcm
-2
, Fig. 21 shows Pmax vs. solar flux. From this, 
the mean measured cell efficiency can be derived as 
12.6%. This is consistent with the typical efficiencies 
found for this cell technology in ground measurements. 
 
Fig. 21: Maximum Power (Pmax) vs. Sun Sensor Derived 
Solar Flux 
 
Thus, during the first 3 months of observation, the 
TFSC Payload is seen to be working well, producing the 
first flight data on this CdTe thin-film technology. The 
measurements are self-consistent, and with the 
exception of Voc, match our expectations based on pre-
flight values. Voc is unusually high (but not impossibly 
so), and the flight values match those measured at 
Surrey and in India prior to flight. All four test cells are 
working well, and no cell degradation has been 
observed to date. 
 
 
68th International Astronautical Congress (IAC), Adelaide, Australia, 25-29 September 2017.  
Copyright ©2017 by the International Astronautical Federation (IAF). All rights reserved. 
IAC-17-B4.6B.3                           Page 10 of 11 
5. Conclusions 
  
This paper has presented a new CdTe thin film solar 
cell technology, where the semiconductor materials are 
deposited directly onto a 100m thick cover glass.  
An extensive campaign of ground measurements 
showed that the cells are mechanically robust 
(addressing a major concern for this technology) and 
highly flexible, leading to the prospect of new 
deployment strategies for exceptionally large solar PV 
arrays. 
 Through proton beam testing, they were also found 
to be exceptionally resilient to ionising radiation 
damage – approximately two orders of magnitude better 
than current III-V semiconductor cells. This means that 
fewer cells would be needed to mitigate the degradation 
typically seen between cells’ beginning-of-life and end- 
of-life performance. Also, thinner cover glasses may be 
used, leading to mass savings.  
Currently, cell efficiencies (AM0) of the order of 12-
13% are being achieved. Although this is small 
compared to conventional space cells, the key advantage 
of this technology is its high specific power (Table 3). 
Four test cells were flown on the joint ASAL/UKSA 
AlSat-1N technology testbed 3U CubeSat. These are 
monitored by the TFSC Payload which gives accurate, 
detailed I-V curves for each of the cells, enabling the 
effects of solar illumination, temperature and ionizing 
radiation exposure to be observed. Data acquired over 
the first 3 months of operation show that the cells are 
performing well in orbit. 
 
Table 3: Solar PV Cell Performance Characteristics 
Manufacturer Tech. 
Eff. 
(%) 
Cell 
weight 
(kg/m
2
) 
Power 
(kW/m
2
) 
Specific 
Power 
(kW/kg) 
Spectrolab 
Triple 
junction 29.5 0.84* 0.4 0.38 
AZUR 
SPACE 
Triple 
junction 30 0.86* 0.41 0.38 
Emcore 
Triple 
junction 29.5 0.84* 0.4 0.38 
AZUR 
SPACE Silicon 16.9 0.32* 0.23 0.44 
CSER 
Proposal CdTe 12 0.24** 0.16 0.67 
*Manufacturers values for cell and substrate, 
**theoretical values for cell and cerium doped glass 
substrate.  kW/kg calculation for all cells includes 80 
microns of cerium doped glass at 0.204 kg/m
2
. 
   
Acknowledgements  
The authors acknowledge the financial support for 
this research from the UK Engineering and Physical 
Science Research Council (EPSRC, Grant Ref. 
EP/K019597/1).  
The AlSat-1N flight opportunity for the TFSC 
Payload was provided by UKSA and ASAL, to whom 
we are most grateful.  
We should also like to thank the ASAL and SSC 
staff involved in the integration of the TFSC payload 
into the AlSat-1N spacecraft, and in its on-going 
operation. 
 
References 
[1] Herman DA, ―NASA’s evolutionary xenon thruster 
(NEXT) project qualification propellant throughput 
milestone: performance, erosion, and thruster service 
life prediction after 450 kg‖, 57th Joint Army‐Navy‐ 
NASA‐Air Force (JANNAF) propulsion meeting, 
Colorado Springs, Colorado, USA, May 3–7, 2010. 
[2] Sebolt W. ―Space and earth based solar power for 
the growing energy needs of future generations‖. 
Acta Astronaut. 2004;55:389 
[3] Lamb DA, Irvine SJC, Clayton AJ, et al. 
―Characterization of MOCVD thin‐film CdTe 
photovoltaics on space‐qualified cover glass‖. IEEE 
Journal of Photovoltaics. 6(2):557‐561. 
[4] Lamb DA, Irvine SJC, Clayton AJ, et al. 
―Lightweight and low cost thin film photovoltaics 
for large area extra‐terrestrial applications‖. 
Renewable Power Generation, IET. 
2015;9(5):420‐423. 
[5] Irvine SJC, Lamb DA, Clayton AJ, Kartopu G, 
Barrioz V. ―Cadmium telluride solar cells on 
ultrathin glass for space applications‖. Journal of 
Electronic Materials. 2014;43:2818‐2823. 
[6] Kimber R, Lamb DA, Irvine SJC, Baker MA, Grilli 
R, Underwood CI, Hall J, ―Cadmium telluride thin 
film photovoltaics for space application‖, 
Proceedings of the 29th European Photovoltaic 
Solar Energy Conference, Amsterdam 2014: 2066–
2071. 
[7] Lamb DA, Underwood CI, Barrioz V, et al. ―Proton 
irradiation of CdTe thin film photovoltaics deposited 
on cerium-doped space glass‖. Prog Photovolt Res 
Appl. 2017; 1–9. https://doi.org/10.1002/pip.2923  
[8] Stroud JS. ―Photoionization of Ce3+ in glass‖. J 
Chem Phys. 1961;35(3):844‐850. 
[9] K. W. Jansen, A. E. Delahoy, A Laboratory 
Technique for the Evaluation of Electrochemical 
Transparent Conductive Oxide Delamination from 
Glass Substrates, Thin Solid Films 423 (2003), pp. 
153–160 
[10]Bätzner DL, Romeo A, Terheggen M, Döbeli M, 
Zogg H, Tiwari AN. ―Stability aspects in CdTe/CdS 
solar cells‖. Thin Solid Films. 2004; 451–
452:536‐543. 
[11]Romeo A, Bätzner DL, Zogg H, Tiwari AN. 
―Influence of proton irradiation and development of 
flexible CdTe solar cells on polyimide.‖ Mat Res 
Soc Symp Proc. 2001;668:H3.3.1‐H3.3.6. 
68th International Astronautical Congress (IAC), Adelaide, Australia, 25-29 September 2017.  
Copyright ©2017 by the International Astronautical Federation (IAF). All rights reserved. 
IAC-17-B4.6B.3                           Page 11 of 11 
[12]Yang G, Cho EW, Wang YJ, et al. ―Radiation hard 
and ultra‐lightweight polycrystalline CdTe thin film 
solar cells for space applications‖. Energ Technol. 
2016; https://doi.org/10.1002/ente.201600346  
[13]Ziegler JF, Biersack JP, and. Ziegler MD, ―SRIM—
the stopping and range of ions in matter‖, 
http://www.SRIM.org  (2008). Accessed: February 5, 
2017. 
[14]B. Fraboni, A. Cavallini, N. Auricchio, W.Dusi, 
M.Zanarini and P.Siffert ―Recovery of radiation 
damage in CdTe and CdZnTe Detectors‖, IEEE 
Nuclear Science Symposium Conference Record, 
Rome, 16-22 Oct. 2004, pp. 4312 – 4317. 
[15]M. Imaizumi, M. Takahashi, and T. Takamoto, 
―JAXA’s strategy for development of  high-
performance space photovoltaics‖, IEEE 
Photovoltaic Specialists Conference (2010), pp. 
128–131 
[16]C. Finley and N. Peck, ―TacSat-2: A Story of 
Survival‖, Proceedings of the 21st Annual 
AIAA/USU Conference on Small Satellites, Logan, 
(2007), UT pp. 1-16 
[17]C. Goodbody and N. Monekosso, ―The STRV-1 A 
& B solar cell experiments‖,  Proceedings of the 
twenty third IEEE Photovoltaic Specialists 
Conference (1993) pp. 1459–1464 
 
 
